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Abstract: We observe the angular radiation pattern of single carbon 
nanotubes' photoluminescence in the back focal plane of a microscope 
objective and show that the emitting nanotube can be described by a single 
in-plane point dipole. The near-field interaction between a nanotube and an 
optical antenna modifies the radiation pattern that is now dominated by the 
antenna characteristics. We quantify the antenna induced excitation and 
radiation enhancement and show that the radiative rate enhancement is 
connected to a directional redistribution of the emission. 
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1. Introduction 
Semiconducting single-walled carbon nanotubes (SWNTs) are photoluminescent quasi-one-
dimensional nanostructures with large potential for photonic and optoelectronic applications 
[1]. Optical excitation of nanotubes creates excitons, strongly bound electron-hole pairs with 
exciton Bohr radii on the order of few nanometers. Photoluminescence (PL) in nanotubes 
results from exciton recombination with rather small radiative rates on the order of 1/10 ns−1 
[2]. Efficient non-radiative decay channels on the timescale of several tens of picoseconds 
lead to small PL quantum yields for carbon nanotubes on substrates. External control of 
optical transition rates and the angular distribution of the emission would thus be useful for 
improving the performance of nanotube based nanoscale light sources, photodetectors, and 
photovoltaic devices [3,4]. 
Nanoscale metallic antenna structures couple free propagating electromagnetic radiation to 
a local receiver or transmitter by exploiting enhanced near-fields. This scheme can be used to 
locally enhance absorption and emission rates of energy quanta in single quantum structures 
such as organic molecules and semiconductor quantum dots [5–7]. Prominent examples 
utilizing antenna phenomena in the visible range are surface enhanced Raman scattering 
(SERS) and surface enhanced fluorescence (SEF) [8,9]. Antenna-enhanced near-field 
microscopy is realized by raster-scanning a metallic tip across the sample, so called tip-
enhanced near-field optical microscopy (TENOM), providing both high spatial resolution and 
increased detection sensitivity. TENOM attracted increasing attention during the last years as 
an important tool to investigate optical properties of systems far beyond the diffraction limit 
[10–13]. Since the signal amplification results from both enhancement of the excitation and 
the radiative rate the respective contributions cannot be quantified directly. 
Metal nanoobjects modify the emission characteristics of a dipole as has been shown in a 
number of studies [14–18]. Kühn et al. investigated the influence of a metal nanosphere on the 
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angular radiation pattern and also the fluorescence spectrum of a single fluorescent molecule 
[16]. Taminiau et al. used metallized nanorods to investigate the coupling between single 
emitters and nano-antennas showing that it is connected to a process of angular redirection 
[17]. The authors also demonstrated experimentally that the polarization state of single 
molecules fluorescence is dominated by the antenna regardless of the orientation of the 
molecular dipole [18]. 
In this letter we report on the first observation of the photoluminescence radiation pattern 
of semiconducting SWNTs in the absence and in the presence of an optical antenna. In the 
first step we show that PL in the one-dimensional nanotubes can be described by dipolar 
emission. We then positioned a sharp gold tip in nanometer distance and investigated the 
result of the antenna-nanotube near-field interaction. The observed radiation pattern 
demonstrates that the radiative rate enhancement is accompanied by an angular redirection of 
the PL and a change in polarization. By comparing radiation patterns with and without the 
influence of the antenna we can distinguish between radiation emitted via nanotube and 
antenna. We complement the experiments by simulations of the radiation patterns that support 
the considerations of the antenna and the nanotubes as point dipoles. Analyzing our data we 
show how it is possible to distinguish and quantify radiation and excitation rate enhancement. 
2. Experimental 
The experimental setup is based on an inverted microscope combined with an x,y-piezo 
position stage for raster scanning a microscope coverslide through the focus of a high 
numerical aperture (NA) objective. The optical response is collected by the same objective 
and focused on an avalanche photo diode (APD) after spectral filtering (F). Alternatively, a 
Bertrand lens is used to form an image of the back focal plane (BFP) on a cooled charge 
coupled device (CCD). In this configuration we have direct access to the intensity distribution 
of the radiation in the BFP, representing the radiation pattern [19]. A schematic of the setup is 
shown in Fig. 1(a). 
Detailed investigations of nanotube PL radiation patterns have been carried out using a 
microscope setup equipped with an orange HeNe laser operating at an excitation wavelength 
of λex = 594 nm and a microscope objective with NA = 1.3. Our near-field optical setup is 
based on the same microscope configuration using a red HeNe laser at λex = 633 nm that is 
converted into a radially polarized laser mode and a microscope objective with NA = 1.49. 
The PL radiation patterns were found to be identical on both setups confirming the 
experimental approach and the reproducibility of our results. Antenna-enhanced 
measurements were performed by positioning a sharp gold tip with a tip diameter of about 20 
nm into the laser focus. A tuning-fork shear force feed-back mechanism was used to set the 
tip-sample distance to about 4 nm to avoid metal-induced quenching effects [20,21]. 
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 Fig. 1. Schematic of (a) the experimental setup and (b) the detection beam path including the 
parameters used in the simulations. Radiation patterns are recorded by imaging the back focal 
plane of the objective onto the CCD camera using the Bertrand lens. Simulated radiation 
patterns for point dipoles orientated horizontally (θ = 90°) and vertically (θ = 0°) are shown in 
(c) [24]. In (a) the orientation of SWNT dipole pSWNT and metal tip dipole ptip as determined 
experimentally are indicated. 
We studied two types of sample material, sodium cholate wrapped CoMoCat SWNTs and 
SWNTs wrapped with poly(9,9-dioctyluorenyl-2,7-diyl) [22,23]. The nanotubes have a 
diameter in the range of one nanometer and are several hundreds of nanometers long. 
Radiation patterns detected after spin-coating on microscope coverslides were found to be 
identical for both materials. 
Theoretical radiation patterns are calculated using the equations derived by Lieb et al. to 
describe a dipole close to a microscope coverslide and positioned in the focus of a high NA 
objective lens [24]. In this framework the intensity distribution I  in the BFP of the objective 
is given by I(r,φ,Θ,Φ) ~cos−1(EpEp* + EsEs*) with the radial distance from the optical axis r, 
the azimuthal angle in the back aperture φ, the polar angle Θ and the azimuthal angle Φ of the 
dipole axis as depicted in Fig. 1(b). Ep and Es are the p- and the s-polarized components of the 
electric field. Figure 1(c) shows calculated radiation patterns for a dipole oriented horizontally 
with respect to the substrate (left) and a vertically oriented dipole (right). 
3. Radiation pattern of SWNTs 
In the first step we acquired confocal PL images of SWNTs wrapped with sodium cholate that 
were spin coated on a glass coverslide. Luminescent SWNTs were localized by raster 
scanning the sample through the focus of a linearly polarized Gaussian laser beam and 
simultaneous detection of the nanotube PL signal in the range of the E11 transition between 
880 and 1000 nm. Thereafter we center a single carbon nanotube with strong PL on the optical 
axis and record the angular emission pattern. Figure 2 shows an image scan (a) and three 
representative radiation patterns (b-d). In (e-f) theoretical dipolar emission patterns are shown 
for which the dipole orientation has been fitted to match the experimentally observed patterns 
in (b-d). The theoretical dipole patterns reproduce the radiation patterns from single nanotubes 
extremely well. Most intensity occurs in the outer ring which is the radiation emitted at an 
angle larger than the critical angle. The intensity is concentrated into two lobes on opposite 
sides of the patterns. Hence, the orientation of a dipole can be determined by fitting the 
simulated pattern to the measured data [24]. 
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 Fig. 2. (a) Confocal PL image of single SWNTs. The scale bar represents 2 µm. For three 
SWNTs marked in (a) the emission patterns are displayed (b-d) together with the 
corresponding simulated dipolar patterns (e-g). The angle Φ describing the in-plane dipole 
orientation has been varied to reproduce the corresponding experimental patterns. 
All detected patterns can be modeled by in-plane dipoles with the polar angle Θ = 90°. 
This is in agreement with polarization resolved measurements and theoretical results from 
which nanotube PL from E11 transitions is known to be polarized along the nanotube axis and 
thus parallel to the sample surface [2]. In the examples in Fig. 2 the dipole axis and therefore 
the axis of the nanotubes were determined to be 142°, 61° and 35° with respect to the x-axis 
as defined in Fig. 1(b). Scanning a luminescent nanotube through the focus and recording an 
emission pattern at each pixel confirms that the intensity distribution does not depend on the 
position of the emitter relative to the focus. Only the signal to noise ratio changes and is best 
when the emitter is centered accurately in the focus (data not shown). 
The excellent agreement between experimentally observed and simulated patterns 
indicates that exciton recombination in single carbon nanotubes of the present materials leads 
to dipolar emission. Exciton mobility described by center of mass motion will result in a 
random distribution of recombination sites along the nanotube axis [25,26]. Our results also 
show that PL emission does not couple to spatially extended antenna modes of the nanotube 
with narrow angular radiation patterns that are predicted in the case of elastic light scattering 
[27]. 
4. Radiation pattern in the presence of an optical antenna 
The next step was to bring the near-field probe in the vicinity of an emitting SWNT. To 
confirm the correct position of the tip in the center of the focus and to prove that it provides 
high near-field enhancement we first recorded a PL image showing that the optical resolution 
is given by the near-field enhancement due to the tip, i.e. about 20 nm. For later comparison 
and analysis we then acquired a radiation pattern in the absence of the tip, denoted as 0
SWNT
PL . 
Afterwards the gold tip was approached to acquire a second pattern PL∗  with the nanotube 
underneath the tip. A representative data set is shown in Fig. 3. The near-field PL image  
(Fig. 3(a)) shows a bright SWNT with uniform intensity together with the simultaneously 
obtained topography as inset. Figure 3(c) shows the radiation pattern 0
SWNT
PL  detected without 
gold tip. Fitting this pattern results in a nanotube orientation of Θ = 148°. The orientation is 
confirmed by the topographical information obtained during the image scan. 
In Fig. 3(b) the radiation pattern PL∗  with the tip close to the nanotube is pictured. The 
pattern has changed considerably compared to the pattern without tip (Fig. 3(c)). For better 
comparison the pattern without tip is plotted again in (d) with the same intensity scaling as in 
(b). The first observation is that the overall intensity has increased, the integration of the 
patterns results in roughly five times more photon counts. The additional intensity results 
from the signal enhancement due to the near-field probe. Secondly, and even more clearly, the 
angular distribution of the intensity has changed. Instead of the two lobes the pattern is now 
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dominated by a sharp ring close to the critical angle. This ring shaped radiation pattern is 
characteristic for a vertically oriented dipole (see Fig. 1(c)). 
 
Fig. 3. (a) Near-field PL image of a SWNT with corresponding topography as inset. The scale 
bars represent 100 nm. (a-d) show emission patterns of the same SWNT in the vicinity of a 
gold tip (b) and without tip (c) and (d) measured at the position marked in (a). The intensity-
scale in (d) is identical to that in (b) for better comparison. 
Our data demonstrates that by bringing the tip close to the emitter a new channel for 
radiation is opened by which energy is transferred to the tip through near-field interaction. 
This energy is then emitted via the antenna dipole. In other words, the radiative rate of the 
nanotube and hence the ratio between emitted and absorbed photons is modified by adding the 
tip-induced radiative rate krad,tip. The radiative rate in the presence of the tip thus becomes 
, ,rad rad SWNT rad tip
k k k∗ = +  where krad,SWNT is the radiative rate in the absence of the tip. The ring 
shaped pattern in Fig. 3(b) shows that emission via the tip antenna can be described by an 
axial point-dipole despite its semi-infinite structure. 
In the following we analyze the observed signal enhancement and describe how excitation 
and radiative rate enhancement can be distinguished and quantified. This procedure exploits 
the different angular distributions of the emission via the in-plane nanotube dipole and the 
axially oriented tip dipole (see Fig. 1(c)). In the analysis we treat the nanotube and tip emitter 
independently leading to a superposition of the radiated intensities. Since the antenna 
emission is driven by the nanotube both emitters are coherent and we should in principle 
consider the interference of the radiated fields. However, since nanotube and tip dipoles are 
mutually perpendicular, the tip leads to radial polarization in the detected plane while the 
nanotube emission is linearly polarized. For most of the detected area the two fields are thus 
perpendicular. Moreover, in the area with parallel polarization, i.e. in the direction of the 
nanotube dipole, the intensity of the latter is very weak. 
In general, the observed PL signal is the product of the detection efficiency of the system 
η, the PL quantum yield of the emitter Q and the excitation rate kex, giving PL = ηγQkex. We 
have to take into account that the fraction γ of the total power radiated by a dipole into the 
angular detection range depends on the orientation of the dipole. In Fig. 4, γ is plotted vs. the 
maximum collection angle of the microscope objective θmax. For our NA = 1.49 objective θmax 
= 78.98° and the resulting fractions are γ|| = 0.73 and γ⊥ = 0.92 for a horizontal and a vertical 
dipole, respectively. In the case of the antenna this quantity corresponds to the angular 
integral of the antenna directivity divided by 4π [17]. 
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 Fig. 4. Detected fraction γ of the total power radiated by a dipole oriented parallel (solid line) 
or perpendicular (dashed line) with respect to the substrate, depending on the collection angle 
of the microscope objective θmax. The dotted line marks the maximum collection angle θmax = 
78.98° for the microscope objective with NA = 1.49. The gray area corresponds to the θmax 
range for the inner part of the radiation patterns which was used to estimate Fex. In this range 
the contribution of the vertical dipole is negligible. 
The total signal detected by the CCD in the presence of the tip PL∗  can be divided into two 
contributions, one that is radiated by the tip dipole 
tip
PL∗  and the other that is radiated by the 
nanotube dipole 
SWNT
PL∗  . The PL signal is given by 
 
ex
tip tip
k
PL Q
V
ηγ
∗
∗ ∗
⊥
=   (1) 
for the tip dipole and 
 
0
||
1
1ex
SWNT SWNT SWNT
k
PL Q PL
V V
ηγ
∗
∗ ∗= + −  
 
  (2) 
for the nanotube dipole. 
SWNT
PL∗  is the sum of the enhanced signal emitted by the nanotube 
dipole and the far-field background 0
SWNT
PL . 
tip
Q∗  and 
SWNT
Q∗  are the quantum yields for the two 
emission channels given by the ratios 
,rad tip
k k∑  and 
,rad SWNT
kk ∑  with the sum of all decay 
rates 
, ,rad tip rad SWNT nr
k k k k= + +∑  including the non-radiative rate knr. The factor V accounts for the 
different sizes of the confocal focus and the much smaller area underneath the tip in which the 
enhanced excitation and radiation takes place. In the example shown in Fig. 3 V is about 300 
nm/20 nm = 15 as determined from the width of the PL signals in the confocal and near-field 
optical images (Fig. 2 and Fig. 3). 
Let Fex and Frad denote the enhancement factors for the excitation rate and the radiative 
rate, respectively. The radiative rate enhancement factor Frad is defined as 
, ,
1
rad rad rad rad tip rad SWNT
F k k k k∗ ∗= = + . Using 
, ,tip SWNT rad tip rad SWNT
Q Q k k∗ ∗ =  and Eqs. (1) and (2) we get Frad 
by 
 
( )( )
||
0
1.
1 1
tip
rad
SWNT SWNT
PL
F
PL PL V
γ
γ
∗
∗
⊥
= +
− −
  (3) 
The intensity distribution of the emission radiated by the SWNT dipole in the absence of 
the tip 0
SWNT
PL  is known from the reference measurement (Fig. 3(c) and (d)). To proceed we 
need to separate the two contributions 
SWNT
PL∗  and 
tip
PL∗  to the signal observed with tip PL∗ . 
The radiation pattern from the axially oriented tip dipole shows nearly no intensity in the 
central part. The intensity ratio of the two patterns in the region θmax = 0-12° (gray region in 
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Fig. 4) therefore reflects the enhanced emission via the nanotube dipole due to the enhanced 
excitation Fex of the nanotube which is given by 
 
( )* 0
0
1.
SWNT SWNTex
ex
ex SWNT
PL PL Vk
F
k PL
∗ −
= ≈ +   (4) 
In Eq. (4) we used the fact that exciton decay in nanotubes on substrates is dominated by 
non-radiative relaxation with knr >> krad,SWNT leading to PL quantum yields on substrates 
below 0.01 [2,28]. Since we expect and also observe moderate radiative rate enhancement 
factors Frad we can neglect the small reduction in quantum yield of PL emission via the 
nanotube dipole caused by the tip. 
In the example shown in Fig. 3, Fex is estimated to be 32 according to Eq. (4). This means 
that 32 times more excitons have been created in the presence of the antenna. According to 
Eq. (3) the radiative rate enhancement Frad in our example was determined to be 1.9, showing 
that about 90% additional PL is radiated via the tip antenna. 
The definition of krad,tip is valid only for non-mobile excited states, such as in single 
fluorescent molecules and semiconductor nanocrystals, for which the distance between 
excited state and tip is fixed. Excitons in SWNTs however are highly mobile along the 
nanotube with a diffusion range of about 100 nm that was determined experimentally for 
SWNTs on substrates [25,26,29]. Therefore, a substantial fraction of excitons created by tip-
enhanced excitation can leave the narrow near-field interaction range and thus the region of 
local radiative rate enhancement [30]. Radiative relaxation of these excitons then leads to in-
plane dipolar emission contributing to the pattern denoted 
SWNT
PL∗ . This means that the typical 
treatment for 0D structures underestimates the actual radiation enhancement factor Frad in the 
case of higher-dimensional systems. We simulated the competition between exciton diffusion 
and local radiative rate enhancement by calculating the time-dependent spatial distribution of 
the exciton density after local antenna enhanced excitation using a 1D random-walk model 
[30]. Taking the diffusion range of 100 nm and the spatial extension of the near-field 
interaction of 20 nm as the only input parameters results in a significantly higher tip-mediated 
radiative rate krad,tip. The actual radiative rate enhancement factor Frad in our example thus is 
7.8. 
Enhancement factors observed for different nanotubes and metal tips ranged from Fex = 
12-32 and Frad = 6.1-13.6. The variation of enhancement factors is attributed to non-optimal 
positioning of the tip ontop of the nanotube and minor differences in tip shapes leading to a 
variability of antenna efficiencies. 
For all investigated SWNTs and gold tips excitation enhancement was substantially more 
efficient than radiation enhancement even after accounting for exciton mobility. We can 
identify two reasons for this observation. First, there is a stronger field enhancement at the 
excitation as compared to the emission frequency. PL spectra of metal nanostructures are 
known to reflect the wavelength dependence of the field enhancement which is dominated by 
plasmon resonances in the visible range [31]. PL spectra of our tips (data not shown) peak in 
the range of the excitation wavelength at 633 nm used in the experiments, while the intensity 
at the emission wavelength of 950 nm is at least 20 times smaller. 
The second reason for dominating excitation enhancement is based on the polarization of 
absorbing and emitting states. Emission at the exciton energy E11 is polarized in-plane as can 
be seen from the radiation patterns and the literature cited above. Treating the near-field 
interaction between tip and nanotube as dipole-dipole coupling only weak effects are expected 
due to the orthogonal orientation of the dipoles. In principal, radiative rate enhancement 
would be expected to occur twice along the nanotube at opposite sites displaced from the tip 
center [17]. On the other hand, excitation at 633 nm is within the range of the E12 transition of 
the investigated SWNTs that is polarized perpendicular to the nanotube axis [2]. For 
propagating fields this absorption is screened efficiently by the nanotubes' polarizability. 
However, since strongest field enhancement is obtained for these perpendicular fields more 
efficient excitation at E12 can be expected in the presence of the tip [32]. 
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We note that a horizontally oriented dipole in the tip induced by the nanotube can also 
contribute to the radiation pattern detected as 
SWNT
PL∗ . However, its contribution will be small 
compared to that of the vertical tip dipole due to the small polarizability of the tip 
perpendicular to its axis [33]. For a complete quantification of the respective contributions the 
one-dimensional structure of the nanotube needs to be considered. This could be done by 
spatially integrating the radiative rate modifications predicted for increasing in-plane tip 
sample-distance [17] corresponding to a coordinate along the nanotube axis. Since radiative 
rate enhancement is limited due to strong competition by exciton mobility as discussed before, 
the small contribution of the horizontal tip dipole can also be neglected compared to that of 
emission via the nanotube dipole. We estimate the uncertainty introduced by neglecting the 
horizontal tip dipole to be smaller than 10%. 
In our experiments we observed deviations from perfect radial symmetry of the radiation 
pattern induced by the tip that can be attributed to non-ideal tip shapes. We remark that the 
radial polarization of the tip emission implicates that the tip antenna is excited efficiently 
using a radially polarized donut mode [34]. In general, the radiation pattern detected for a 
given antenna system will reflect the optimum excitation pattern at the detected frequency, as 
a consequence of reciprocity. After detecting the radiation pattern of a given antenna, its 
coupling efficiency could be optimized by vector point spread function engineering [35]. 
5. Summary 
We showed that a photoluminescent SWNT on a dielectric substrate can be described by a 
single in-plane point dipole. The signal enhancement due to an optical antenna originates from 
enhanced excitation and additional radiation via the tip dipole along with spatial redirection of 
the emission. Analyzing the radiation patterns in the back focal plane of the microscope 
objective we estimated the enhancement factors of excitation Fex and radiation Frad. Our 
results illustrate that optical antennas could be used to improve the performance of carbon 
nanotube based nanoscale NIR emitters and absorbers. 
Acknowledgments 
We acknowledge Giovanni Piredda for helpful discussion. This work was funded by the 
Deutsche Forschungsgemeinschaft ((DFG-HA4405/3-1), ERA NanoSci (DFG-HA4405/5-1) 
and the Nanosystems Initiative Munich (NIM)), the National Science Foundation (DMR-
0520513, EEC-0647560 and DMR-0706067) and the Nanoelectronics Research Initiative. 
#128057 - $15.00 USD Received 5 May 2010; revised 24 Jun 2010; accepted 6 Jul 2010; published 21 Jul 2010
(C) 2010 OSA 2 August 2010 / Vol. 18,  No. 16 / OPTICS EXPRESS  16451
